Non-metallic inclusions are considered undesired, yet unavoidable components of all steels and are prone to act as sources of stress that play a predominant role in crack initiation. Experiments conducted during the forging process of 30Cr2Ni4MoV steel revealed that cracks mainly originate from compound inclusions, especially intensive plastic inclusions or sliced brittle inclusions containing particles in their interior. The deformation behavior of these two types of compound inclusions was then simulated. It has been shown that the intensive plastic inclusions parallel to the applied stress result in two effects that cause additional stress and produce strain concentration, which are key factors of the union of inclusions and the origins of cracks. Tensile stress that can also lead to cracking certainly exists among intensive plastic inclusions distributed perpendicular to the applied stress. In a compound brittle inclusion, as the amount of deformation increases, areas of strain concentration first develop and then conical cracks are initiated on both sides of the interior particle. When multiple particles are distributed within a small distance, the adjacent conical cracks tend to be connected under the maximum shear stress and finally sever the sliced brittle inclusion at an angle of 45°.
Introduction
In most instances of metal processing, non-metallic inclusions are considered to be detrimental to the mechanical properties of the processed steels. Concerns regarding cracks, abnormal wear, reduced fatigue life, inappropriate phase composition, and failures in service arise mainly when the amount, shape, distribution, and chemical composition of inclusions are beyond acceptable levels. 16) One of the most pressing issues in the forging process is cracks originating from inclusions. Although progressive improvements such as secondary refining techniques in the cleanliness of steels, have led to low inclusion content, non-metallic inclusions still exist in ingots and cannot be removed completely. Certain evidence for non-metallic inclusions existing in heavy ingots has been provided by dissecting a 380-ton 30Cr2Ni4MoV steel ingot. 7) Therefore, research on the deformation behavior of inclusions and the mechanism for the development of faults originating from inclusions is particularly important and bestowed with practical significance.
According to the difference in their deformability relative to the metal matrix, non-metallic inclusions in steels can be divided into plastic inclusions and brittle inclusions. The research team led by Cao at Tsinghua University took the lead in the investigation on cracks that originated from inclusions in heavy disc forgings, and a modeling study on the deformation behavior of plastic inclusions and brittle inclusions was carried out by Ma et al. to analyze the formation process and influencing factors of cracks.
8) The Moiré method was utilized by Han et al. to quantitatively detect the stress and strain distribution around plastic inclusions, based on which methods to effectively control faults originating from inclusions were developed. 9) Although a physical phenomenon can be accurately reproduced through modeling based on physical parameters and conditions, it is difficult to obtain complete and detailed sets of data owing to the constrains of methods of measurement. With the rapid development in computer science and technology, simulation has been vigorously developed and widely applied in the field of material processing because of its high efficiency and flexibility. In recent years, numerical analysis of non-metallic inclusions has been conducted using mature software. The deformation of silicate and manganesesulfide (MnS) inclusions in the hot-rolling process was investigated by Luo et al. A narrow range of transition temperature was found, below which silicate was determined to act as a brittle inclusion and above which it was shown to be plastic in behavior and easily deformed. On the other hand, the plasticity of MnS was found to not only be related to temperature, but also affected by the rolling reduction. 10, 11) The way in which the dimensions of cracks are affected by the shapes (sphere, square and triangle, respectively) and positions of inclusions was studied by Yu et al. 12, 13) It is worth mentioning that the above simulations only presented inclusions one at a time in isolated examples, yet their existence and distribution in ingots are more complicated in reality. Experimental data provided by this paper on the morphology and structure of inclusions showed that the compound inclusions characterized by intensive plastic inclusions and sliced brittle inclusions with enclosed particles are ubiquitous in 30Cr2Ni4MoV heavy ingots. Compared with one single inclusion, compound inclusions not only exhibit more complex deformation behavior, but also have an even more adverse effect on the metal matrix and crack initiation. Therefore, we will focus on the deformation behavior of compound inclusions and their effect on the metal matrix, and we will investigate the mechanism behind the development of faults originating from compound inclusions using a combination of simulation and experiments.
Simulation and Experimental Procedure

Simulation
The material model of 30Cr2Ni4MoV steel was constructed using Deform-3D with the flow stress expressed as · ¼ ·ð ¾; _ ¾; T Þ, as shown in Fig. 1 . 14) The coefficient of thermal expansion, thermal conductivity and heat capacity were measured as functions of temperature, as shown in Tables 1, 2 , and 3, respectively.
15) The boundary conditions for the model were simplified to some extent by only considering the heat transfer and interface friction. In this paper, the relative hardness of an inclusion is defined as
where · i and · m are the flow stress of inclusion and metal matrix, respectively. The relative hardness, £, of an inclusion can also be used as a measure of the amount of deformation that an inclusion has undergone: the larger the relative hardness, the smaller the amount of deformation. In the present work, one spherical inclusion, of which the relative hardness was set as 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0, was utilized to choose the appropriate £ for plastic inclusions and brittle inclusions. The changes in the morphology and influence on the metal matrix of the modeled inclusions with relative hardness of 0.5 and 2 are consistent with those of plastic inclusions and brittle inclusions, respectively, that were reported in previous studies. 16, 17) This compatibility of the findings allows models for inclusions to be properly constructed.
The three-dimensional model for the cylindrical specimen was constructed with a height of 45 mm and a diameter of 30 mm. After forging, the height of the specimen was decreased to 18 mm. The compound inclusions were set at the center of each specimen. For each of the intensive plastic inclusions, its deformation behavior was affected by the metal matrix and adjacent inclusions more than the distant inclusions. Thus, the intensive inclusions were first simplified as two plastic inclusions to explore the interaction between them. Then scenario was extended to intensive inclusions composed of multiple plastic inclusions. As revealed in the work by Atkinson et al., the shapes of plastic inclusions in steels are usually spherical.
1821) The initial diameter of the modeled inclusion was 1 mm. According to the dissection of one 380-ton ingot and the experimental evidence obtained (shown below), a sliced brittle inclusion with spherical inclusions inside was chosen to model the compound brittle inclusion.
7)
Experimental procedure
The experimental settings were the same as those in the simulation. After deformation, specimens in which cracks developed were selected for sample preparation. Metallographic observations and component analysis of the cracks were then performed with an optical microscope (OM), a scanning electron microscope (SEM), an energy-dispersive spectrometer (EDS), and an auger electron spectroscopy (AES).
Results and Discussion
Experimental evidence for cracks originating from
compound inclusions Intergranular cracks were observed both inside and in the outer wall of the specimen that was deformed at 1000°C. The fracture was characterized by a rough and torn texture containing many deep furrows, as shown in Fig. 2(a) . Examination of the fracture with the SEM revealed the presence of an inclusion. The inclusion was identified as sulfide through its chemical composition. Large amounts of sulfur were found when the inclusion was analyzed by the EDS unit attached to the SEM, as shown in Fig. 3 . The AES results showed that when the specimen was heated to 1000°C, the S content at the grain boundary became significantly higher than that in either the grain interior or the as-cast 30Cr2Ni4MoV steel, as shown in Fig. 4 . Grain boundary segregation of sulfur led to the formation of metal sulfides, as shown in Fig. 5 . Metal sulfides usually have good plasticity and can be deformed together with the metal matrix. However, the grain boundary strength had been weakened owing to the weak bond between the metal matrix and sulfides, which is the main cause of intergranular cracks. The separated intergranular cracks in Fig. 2(b) suggest that the metal sulfides were distributed at multiple grain boundaries, and were presented as intensive plastic inclusions. The effect of deformation on the behavior of cracks originating from intensive plastic inclusions can be grouped into two categories: a small deformation left the intensive cracks separated, just like the internal cracks in Fig. 2(b) ; a large deformation caused cracks to extend into the metal matrix and merge with each other. For example, several cracks in the outer wall of the specimen were just in the area of stress concentration, and they merged to form a bigger fault, as shown in Fig. 2(a) .
Three cracks originated in the outer wall of the specimen that was deformed at 900°C, and the intermediate crack joined the upper and lower ones at angles of 45°. The fracture was smooth and dark black. SEM and EDS analysis of the fracture ascertained that the main component of the sliced inclusion was CaO, corresponding to region I in Fig. 6 . Some dispersed particles composed of Al and O were also found in the CaO inclusion, corresponding to region II in Fig. 6 . Moreover, microcracks with oxidized surfaces were initiated at the interface between CaO and Al 2 O 3 . Instead of being recovered by recrystallization and diffusion, such cracks were apt to propagate inside the CaO inclusion because of their brittleness.
16) The continuously propagating microcracks then severed the CaO inclusion and macrocracks were finally formed.
Therefore, we conclude that compound inclusions characterized by intensive plastic inclusions and sliced brittle inclusion with enclosed particles generally act as the origin of cracks in 30Cr2Ni4MoV steel.
Simulation of the deformation behavior of compound inclusions
The deformation behavior of two plastic inclusions distributed along the centerline of the ingot is shown in An area with a concentration of large strain values surrounded each inclusion: the thinner the inclusion, the larger the value of strain concentration. Meanwhile, the distance between the two separated inclusions continued to decrease and the adjacent areas of strain concentration began to merge until they completely overlapped and formed an area with a much larger value of strain, as shown in Fig. 7(b) . Cracks were then initiated in this area, and they connected with the upper and lower sliced inclusions soon afterwards, as shown in Fig. 7(c) . As the degree of deformation increased, the middle regions of the sliced inclusions extruded into the cracks and combined to form a bigger fault, as shown in Fig. 7(d) . When two plastic inclusions were symmetrical about the centerline of the ingot, there were also similar changes in the shape of the inclusion and interaction of the areas of high strain, as shown in Fig. 8 . The measured distance between these inclusions at (1/5)r, (2/5)r, (3/5)r, and (4/5)r from the center of the ingot are plotted as a function of the reduction ratio in Fig. 9 . It can be concluded that such inclusions could not possibly join to form bigger sliced faults. The deformation behavior of compound brittle inclusions is shown in Fig. 10 . The areas in which high values of strain were concentrated first appeared at the edges and corners of the sliced inclusion, as shown in Fig. 10(a) . They expanded towards the middle region of the inclusion as their stress values increased, while the spherical inclusion inside the brittle inclusion was gradually deformed. Areas of strain concentration and conical cracks developed successively on both sides of the interior inclusion and continued to expand, as shown in Figs. 10(b) and 10(c). From Fig. 10(d) , it can be seen that when multiple particles were distributed within a close distance, the adjacent cracks were likely to propagate, connect, and further sever the sliced inclusion.
Mechanism for development of cracks originating
from compound inclusions An experiment was conducted to detect the types of compound inclusions in 30Cr2Ni4MoV steel: the results confirmed macroscopically that such inclusions were prone to turn into origins of cracks. Meanwhile, the results obtained by simulation not only fitted well with the experimental results, they also provided us with basic insight into crack initiation. Therefore, the mechanism for the development of cracks originating from compound inclusions can be revealed by the combination of experiments and simulations.
Considering the complex structure of intensive plastic inclusions and the randomness of their distribution in ingots, there were three main causes of crack initiation, described as follows. (1) Plastic inclusions parallel to the applied stress were observed to approach each other as deformation proceeded. A much greater strain was generated after the adjacent areas of strain concentration overlapped. Cracks were then initiated in the overlapping areas of strain and connected with the inclusions, and finally, bigger faults were formed. (2) Additional stress around the inclusions cannot be ignored, especially in the compression process accompanied by a large amount of deformation, as shown in Fig. 11 . The actual shear stress was increased by additional stress until it exceeded the material's ultimate shear strength and cracks occurred at 45°. (3) Although intensive inclusions that were distributed perpendicular to the applied stress contributed little to the formation of bigger faults, tensile stress developed among the inclusions. Figure 12 shows the stress distribution on the x-axis between the two inclusions that were symmetrical about an axis at (3/5)r from the center of the ingot. The stress in the measured area was mainly manifested as tensile stress, which was likely to cause cracks at the inclusions.
A brittle inclusion is prone to be fractured when subjected to shear stress because of its weak resistance to shearing. For the compound brittle inclusions in particular, microcracks were initiated inside the inclusions on both sides of the particles, and propagated rapidly under the maximum shear stress. When multiple particles were distributed within a small distance inside the sliced inclusion, these microcracks had a tendency to connect with each other and sever the sliced inclusion at an angle of 45°. Figure 13 illustrates an example of the compression process, showing cracks that originate from intensive plastic inclusions and sliced brittle inclusion with enclosed particles. The dimensions of spherical inclusions usually range from several tens of microns to hundreds of microns in reality, while sliced inclusions can be a few centimeters long. 7) Microcracks first originate around the spherical inclusions and then they propagate into the metal matrix or the sliced brittle inclusion, and finally, connect with each other to form larger-sized cracks.
Conclusions
Based on the experiment that confirmed inclusions in 30Cr2Ni4MoV heavy ingot were manifested as intensive plastic inclusions and sliced brittle inclusions with enclosed particles, a simulation on the deformation behavior of such inclusions was conducted to reveal the mechanism behind the development of cracks originating from compound inclusions. From this study, the following conclusions are drawn:
(1) Additional stress and strain concentration are caused by intensive plastic inclusions parallel to the applied stress.
Cracks are initiated by the interaction of the areas of strain concentration. Inclusions then extruded into the cracks and the cracks merged, as observed in the forging process. (2) Although intensive inclusions distributed perpendicular to the applied stress only have minor contributions to the connection of inclusions via cracks, the possibility of cracking cannot be ruled out as a result of tensile stress among inclusions. (3) For compound brittle inclusions, areas of strain concentration and conical cracks are caused by the particles inside the inclusions. When multiple particles are distributed within a small distance, the adjacent cracks tend to connect. Finally, the sliced brittle inclusion is severed in the direction of the maximum shear stress. 
